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Experimental  Determination  of  the  Wave  Elevation  Next  to  a  Model 

of  the  SL-7 
by 

A.W.  Troesch,  T. B.  Kelly,  B.K.  King 

INTRODUCTION 

The  deficiencies  in  the  methods  used  in  predicting  deck-wetness  have  been 
known  for  some  time.  Hoffman  and  MacLean  (1970)  noted  that  the  usual  relative 
motion  analysis  yielded  poor  correlation  between  experiment  and  theory. 
Takaishi,  et.al.  (1972)  also  conducted  relative  wave  elevation  experiments  and 
stated  that  the  disagreement  between  measured  and  calculated  values  was 
relatively  small  for  bow  and  stern  seas  but  large  in  quartering  seas.  More 
recently,  Andrew  and  Lloyd  (1980)  compare  the  calculated  average  deck-wetness 
interval  with  sea  trial  results  and  report  that  the  theory  is  inadequate. 
Oliver  (1983),  in  a  report  to  the  Ship  Structure  Committee,  has  formulated  a 
non-linear  theory  that  includes  above-water  line  effects.  However,  some  of 
the  assumptions  in  Oliver’s  model  are  suspect  and  the  computer  analysis  can 
take  hours  of  CPU  time.  More  rational  approaches  to  theoretical  estimates  are 
given  by  Beck  (1982),  Lee  (1982),  and  Lee,  O'Dea  and  Meyers  (1982).  While  all 
of  these  theoretical  models  address  fundamental  aspects  of  the  deck  wetness 
problem,  they  will  have  difficulty  including  effects  such  as  increase  wave¬ 
steepness,  large  amplitude  motions,  and  non-wal 1 -sided  vessels.  Consequently 
the  use  of  model  experiments  with  actual  ship  hull  forms  is  expected  to  remain 
an  important  part  in  the  prediction  of  lost  freeboard  and  deck-wetness.  See, 
for  example,  O'Dea  (1983),  O'Dea  and  Jones  (1983),  and  Webster  and  Zhu  (1983). 

The  experimental  results  presented  in  this  report  describe  the  relative 
water  elevation  along  the  side  of  a  model  of  the  SL-7.  Any  analysis  of  lost 
freeboard  and  relative  motion  will  divide  the  total  response  into  various 


components.  Generally  these  will  be  a  component  due  to  steady  forward  speed, 
one  due  to  body  motion,  and  one  due  to  incident  waves.  As  shown  in  this 
report,  all  three  of  these  components  were  measured  and  the  results  are 
discussed.  Capacitance  wave  probes  were  attached  to  the  model  at  ten 
locations,  starting  at  the  forward  perpendicular  and  ending  at  mid-ships.  The 
forced  oscillation  or  radiation  relative  motion  was  measured  for  three 
different  forward  speeds.  The  relative  motion  associated  with  the  incident 
waves  was  measured  in  both  regular  and  irregular,  transient  waves.  In  all 
cases,  the  wave  records  were  Fourier  analyzed  on  line,  between  runs.  The 
results  are  graphed  as  functions  of  wavelength  to  ship  length  ratios  and  again 
as  functions  of  longitudinal  hull  location.  A  number  of  repeatability  tests 
and  linearity  checks  were  run.  These  are  also  described  in  the  text.  The 
large  amount  of  data  collected  and  presented  represents  a  useful  tool  in 
determining  the  relative  motion  of  SL-7  type  hull  forms. 


I 
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TECHNICAL  DISCUSSION 


Relative  motion  is  defined  as  the  distance  from  the  mean  waterline  of  the 
vessel  to  the  instantaneous  elevation  of  the  water  surface.  Generally,  the 
total  displacement  of  the  water  at  any  point  along  the  hull  may  be  attributed 
to  a  number  of  •omponents .  Under  a  linear  hypothesis,  the  following 
components  are  assumed  to  be  addii 

L)  Steady  forward  motion  wave  piofile. 

1 i )  Incident  wave. 

iii)  Diffracted  wave, 
iv)  Radiated  t  forced  oscillation  wave. 

All  of  the  above  components  were  measured  in  the  experiments  described  in 
this  report.  The  relative  motion  at  ten  stations  were  found  through  the  use 
of  capacitance  wave  probes.  The  steady  wave  profile  was  determined  at  three 
Frou.4e  numbers,  0.1,  0.2,  and  0.3  respectively. 

The  relative  motion  resulting  from  the  diffracted  wave  and  incident  wave 
were  measured  together.  In  this  type  of  experiment,  the  model  is  restrained 
from  moving  in  heave,  pitch,  sway,  roll,  yaw,  and  surge.  With  the  model 
rigidly  attached  to  the  carriage,  it  is  then  towed  through  waves  generated  by 
a  wave  maker  located  at  the  far  end  of  the  tank.  Typically  the  incident  wave 
is  measured  at  some  distance  in  front  of  the  carriage.  The  wave  probes  on  the 
model  record  the  sum  of  the  incident  and  diffracted  waves.  In  the  experiments 
described  in  this  report,  the  incident  plus  diffracted  wave  relative  motion 
was  measured  for  a  Froude  number  of  0.2  in  regular  and  transient  waves.  The 
transient  wave  tests  were  conducted  in  a  manner  similar  to  that  described  by 


Takezawa  and  Takekawa  (1976). 


The  radiated  wave  is  the  wave  train  generated  by  rigid  body  motion.  In 
this  series  of  tests,  the  model  is  oscillated  in  heave  or  pitch  by  some  type 
of  shaker  mechanism.  The  relative  motion  is  then  defined  in  terms  of  a  ratio 


of  water  displacement  to  hull  displacement.  Results  for  both  heave  and  pitch 
at  Froude  numbers  0.1,  0.2,  and  0.3  are  included. 

EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 

Towing  Tank  and  Wavemaker 

The  University  of  Michigan,  Department  of  Naval  Architecture  and  Marine 
Engineering  maintains  a  towing  tank  of  190.7m  (360  ft)  in  length, 
approximately  6.7m  (22  ft)  wide  at  the  normal  waterline,  and  4.3m  (14  ft) 
deep.  The  towing  carriage  is  capable  of  speeds  up  to  4.88m  (16  ft /sec),  and 
models  up  to  9.1m  (30  ft)  in  length  have  been  tested. 

A  vertically  oscillating  wedge-shaped  steel  tank  is  installed  as  a 
wavemaker.  It  is  electrically  actuated,  and  gives  acceptably  linear  response 
over  a  wavelength  band  from  0,9  to  ’>.5m  (3  to  18  ft),  with  wave  heights  up  to 
approximately  0.l5m  (0.5  ft),  depending  somewhat  on  the  wavelength  involved. 
For  nominally  sinusoidal  regular  waves,  input  to  the  electric  control  system 
is  from  an  oscillator.  Alternatively,  random  waves  can  be  generated  using 
prerecorded  input  derived  from  a  given  sea  spectrum. 

Forced-Oscillation  Mechanism 

The  forced-oscillation  device  was  developed  in  connection  with  recent 
ABS-supported  experimental  work.  The  device  is  capable  of  forcing  oscillation 
in  either  pitch  or  heave.  The  mechanism  is  electrically  actuated,  with  its 
frequency  controlled  by  varying  the  speed  of  the  electric  drive.  The 
amplitude  of  the  impressed  motion  could  be  varied  by  discrete  increments, 
using  a  scotch  yoke  mechanism. 


Model 


The  model  used  in  this  study  was  that  of  the  SL-7  class  containership. 
Dimensions,  weights,  hull-form  coefficients,  and  pitch  gyradii  for  the  ship 
and  model  are  shown  in  Table  I.  A  body  plan  of  the  ship  is  shown  in  Figure  1. 


TABLE  I:  SL-7  Hull  Particulars 


Ship 


Model 


LOA  m(ft) 

LBP  Tn(ft) 

Beam  m(ft) 

Draft  @  LCF  m  (ft) 

Trim  by  stern  mm(ft) 

LCG  Aft  of  0  m(ft) 
Displacement  MT(LT) 

Pitch  Radius  of  Gyration 


288.5(946.6) 

268.4(880.5) 

32.16(105.5) 

9.94(32.6) 

43.0(0.14) 

11.7(38.4) 

48364(47500) 

0.21  LBP 


3.607(11.83) 
3.355(11 .01) 
0.402(1.319) 
0.124(.408) 
0.53(0.0018) 
0.146(.480) 
0.0945(.0928) 
0.21  LBP 


Heave  and  Pitch  Measurements 

For  the  forced-oscillation  tests,  the  vertical  displacement  at  a  known 
location  of  the  model  was  measured  by  a  linear  voltage  differential 
transformal  (LVDT).  This  displacement,  then,  could  be  easily  related  to  heave 
and  pitch  motions. 


Wave  Probes 

Two  types  of  wave  probes  were  used  in  the  experiments.  For  the 
diffraction  tests,  the  incident  wave  was  measured  by  a  Wesmar  Ultrasonic  Level 
Monitor,  Model  LM4000  sonic  wave  probe.  It  was  fitted  under  the  forward  end 
of  the  towing  carriage,  approximately  2.1m  (7  ft)  ahead  of  the  model.  For  the 
relative  motion  measurements,  a  capacitance-type  wave  probe  was  used.  It  is 
described  below. 

Capacitance  wave  probes  have  certain  advantages  over  other  commonly  used 
water  level  measurement  devices,  i.e.  resistance  and  sonic  probes.  As  de- 
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scribed  by  Luft  (1968),  they  require  no  aging,  show  only  moderate  sensitivity 
to  dirt,  and  several  probes  can  be  operated  close  to  each  other  simultaneously 
without  interference.  In  the  past,  disadvantages  included  the  choice  of 
material  used  for  the  dielectric  and  a  relatively  complex  excitation  circuit. 

While  carrying  out  the  terms  of  an  ONR/GHR  contract  (N00014-78-C-0109) 
contract,  a  different  method  of  constructing  and  using  capacitance  probes  was 
found.  Following  an  IC  design  suggested  by  Pipil  and  Curzon  (1979)  for  use  in 
measuring  standing  or  capillary  waves  in  a  basin,  a  modified  circuit  was 
produced  for  the  ship  motion  experiments.  The  circuit  is  simple,  inexpensive, 
and  reliable.  It  is  built  around  an  IC  chip  used  in  automobile  tachometers. 
Ten  such  circuits  were  manufactured  for  the  experiments  described  in  this 
report . 

The  probes  were  made  of  32  gauge  magnet  wire  and  supported  away  from  the 
model  by  small  poles.  The  distance  that  the  wires  were  from  the  hull  surface 
averaged  3-4mm  (0.12-0.16  in).  The  non-linear  gain  of  the  probes  due  to  the 
changing  hull  shape  was  factored  into  the  computer  program  that  did  the  data 
reduct  ion . 

Data  Recording 

The  entire  measurement  system  was  calibrated  twice  a  day  during  the 
experimental  program.  A  schematic  showing  the  instrumentation  set  up  is  shown 
in  Figure  2.  On  each  run,  twelve  channels  of  data  were  sampled.  Ten  were 
capacitance  wave  probes,  one  was  the  incident  wave  probe  or  shaker  LVDT,  and 
one  was  the  carriage  speed  tachometer.  The  records  were  Fourier  analyzed  and 
the  results  printed  out  between  the  runs.  Interim  plots  were  kept  in  order  to 
identify  general  trends  and  bad  data. 
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EXPERIMENTAL  RESULTS 


The  test  matrix  for  the  SL-7  model  is  shown  in  Table  II.  The  regular 
waves  covered  a  range  of  wavelength  to  ship  length  ratios  of  0.25  to  1.9. 

Some  of  the  data  points  were  lost  due  to  infrequent  hardware  difficulties. 
These  are  represented  by  gaps  in  the  curves.  Only  one  forward  speed  was  used 
for  the  diffraction  experiments. 


TABLE  II:  Model  Test  Conditions 

Froude  number  Regular  waves  Trans iei  aves 

0.1  0.2  0.3 

Diffraction  XX  X 

Radiation  XXX  X 

The  longitudinal  location  of  the  wave  probes  are  shown  in  Figure  3.  Also 
shown  are  the  directions  of  positive  heave,  pitch,  and  relative  motion.  Heave 
is  defined  as  the  vertical  displacement  of  the  model  measured  at  midship,  and 
pitch  as  the  angular  rotation  about  an  axis  located  at  the  intersection  of  the 
water  plane  and  the  midship  section.  Heave  is  positive  up,  pitch  is  positive 
bow  down,  and  relative  motion  is  positive  for  the  water  surface  above  the  mean 
water  line.  (Positive  heave  produces  a  negative  relative  motion.) 

The  actual  tests  results  are  presented  in  tabular  and  graphical  form.  In 
the  following  figures,  the  crosses  represent  the  unfaired  data.  (The  points 
are  connected  by  straight  line  segments  for  visual  effect.)  The  following 


non-dimensional  scheme  was  used: 
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Forced  Heave  - 


Relative  motion  = 


relative  motion  amplitude 


heave  amp 1 i t  ude 

Phase  Angle  =  Arg(rel.  motion)  -  Arg(heave) 

Forced  Pitch  - 

relative  motion  amplitude 


Relative  motion  = 


amplitude  of  vertical  displacement  at  Station  20 


Phase  Angle  =  Arg(rel.  motion)  -  Arg(pitch) 
Diffraction  - 

relative  motion  amplitude 

Relative  motion  =  - 

incident  wave  amplitude 


Phase  Angle  =  Arg(rel.  motion)  -  Arg(incident  wave) 


The  argument  of  the  incident  wave  is  zero  when  a  wave  t rough  is  at 
midsh ips  . 

The  actual  data  points  for  the  various  runs  are  listed  in  Table  III.  The 
magnitudes  for  the  time  dependent  relative  motions  are  normalized  as  described 
above.  The  approximate  excitation  amplitude  listed  in  the  table  refers  to  the 
heave  amplitude  for  forced  heave,  the  amplitude  of  the  vertical  displacement 
at  station  20  for  forced  pitch,  and  the  incident  wave  amplitude  for  the 
diffraction  tests.  The  units  of  the  excitation  amplitudes  are  inches.  The 
steady  state  wave  profiles  in  inches  are  also  listed. 

The  figures  that  follow  are  the  plotted  results  listed  in  Table  III.  The 
relative  motion  is  given  as  a  function  of  wavelength  to  ship  length  for 
various  stations,  and  again  as  a  function  of  longitudinal  location  along  the 
hull  for  various  wavelength  to  ship  lengths.  This  method  of  cross  plotting 
helps  illustrate  a  number  of  interesting  points.  The  order  that  the  plots 


appear  is  shown  below: 
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CONCLUSION'S 


There  are  large  increases  in  the  relative  not.  ii>n  m.-ign  i :  ode  s  fjr  ,“n  =  O.I 

when  wavelength  to  ship  length  equals  i.4.<.S.  The  parameter  that  .:ompare.=  the 

wave  period  to  hull  speed,  i.e.  (treque'.r^'  nt  er.count  "r  )*<■  ve.ssel 

f  gr  a  V  i  t  a  t  lona  1  constant),  has  a  valje  of  1 ''4  f.,r  t:'i;  case.  T'.is  implies  t*'a 

the  radiated  wave  speed  and  hull  speed  are  near;-.'  equ.a!  and  tanh'-val'. 
reflection  become.s  a  najinr  problem.  r  .;"isep  ;en:  1  v  ,  I'e  results  f.-r  “r,  =  '  .!  w;t 
■wavelengths  to  ship  lengths  ratios  equal  to  ana  greater  tn-an  i.-.'  ar- 
contaminated  with  ta;i’n--wa  1  1  reflection  effect;.  ^or  the  higher  rr>tde 
.numbers,  the  parameter  was  greater  than  i'4  in  all  wavelengths  tested. 

The  forced  pitch  records  show  that  the  point  of  rotation,  as  far  as 
relative  mot  ion  is  concerned,  is  at  station  12,  rather  than  station  10.  The 
plots  show  that  the  relative  motion  magnitude  reaches  a  -riinimjm  there.  .Also, 
the  phase  angles  change  180°  from  stations  14  to  10  indicating  when  the 

relative  motion  at  station  14  is  positive,  it  is  negative  at  station  10. 

Reproduced  from 
besf  AvAilftbi^  copy. 
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Both  repeatability  and  linearity  checks  were  run  for  the  forced 
oscillation  tests.  The  repeatabi’ • ty  appeared  to  be  adequate.  For  the 
linearity  tests,  the  heave  amplitude  was  increased  by  50%  and  the  pitch 
amplitude  was  more  than  doubled.  No  significant  difference  was  observed  for 
heave,  but  the  larger  pitch  motions  seemed  to  reduce  the  pure  pitch  relative 
motion  response  amplitude  operator.  This  was  particularly  true  in  the  bow 
region  where  interactions  between  the  hull  shape,  steady  state  wave,  and  time 
dependent  wave  are  more  pronounced. 

The  transient  test  results  were  inconclusive.  Three  different  runs  were 
made,  each  meeting  the  wave  group  in  a  different  location  in  the  tank.  The 
overall  comparison  with  the  regular  wave  results  is  not  good.  More  work  is 
needed  in  this  area  to  identify  the  cause  of  disagreement. 
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Figure  2:  Signal  Processing/Data  Analysis  Configuration 
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